We present an extensive irradiation study involving five state-of-the-art Nb3Sn wires which were subjected to sequential neutron irradiation up to a fast neutron fluence of 1.6 · 10 22 m −2 (E > 0.1 MeV). The volume pinning force of short wire samples was assessed in the temperature range from 4.2 to 15 K in applied fields of up to 7 T by means of SQUID magnetometry in the unirradiated state and after each irradiation step. Pinning force scaling computations revealed that the exponents in the pinning force function differ significantly from those expected for pure grain boundary pinning, and that fast neutron irradiation causes a substantial change in the functional dependence of the volume pinning force. A model is presented, which describes the pinning force function of irradiated wires using a two-component ansatz involving a point-pinning contribution stemming from radiation induced pinning centers. The dependence of this point-pinning contribution on fast neutron fluence appears to be a universal function for all examined wire types.
I. INTRODUCTION
The fabrication of multifilamentary Nb 3 Sn wires capable of carrying high critical current densities has advanced considerably in recent years. Various production techniques such as the Bronze Route, the PowderIn-Tube (PIT) process, and the Restacked Rod Process (RRP) are available, and superconductor geometries ranging from fine filaments with diameters of a few micrometers to large tubular sub-elements with outer diameters of roughly 100 µm can be realized. It was discovered a long time ago that the properties of Nb 3 Sn can be improved by adjusting the heat treatments which affect the grain morphology, as well as by introducing additives (usually Ta, Ti, or both) which increase the upper critical field.
1 Today, due to long-standing efforts to improve this technologically highly relevant material, Nb 3 Sn wires can be optimized using sophisticated production techniques and comprehensive knowledge of the underlying physics. 2 The effects of fast neutron irradiation (particle energy sufficient to displace atoms) on Nb 3 Sn wires were studied extensively in the 1970s and 80s. In general an increase of the critical current density J c was observed at low fluences, followed by a decrease at high fluences. The resulting peak in the dependence of J c on fluence was usually found in the fast neutron fluence range of 2 -7 · 10 21 m −2 . [3] [4] [5] [6] This behavior was often attributed to the increase of the upper critical field B c2 due to the introduction of disorder, and the degradation of the critical temperature T c which dominates at high fluences. However, in some publications changes in the functional dependence of the volume pinning force were reported, which indicate the introduction of new pinning centers. The results of many neutron irradiation studies as well as the concept of damage energy scaling, which facilitates the inference of effects caused by irradiation with a certain spectrum from data obtained using another spectrum, are discussed in a review article by Weber.
Since state-of-the-art Nb 3 Sn wires are significantly different from those available at the time of the cited irradiation studies, the investigation of their response to radiation damage is technologically relevant to projects such as particle accelerators and nuclear fusion devices. In particular, this knowledge is required for a life-time estimation of next generation quadrupole magnets which are envisaged for an upgrade of the Large Hadron Collider (LHC), where they will be exposed to a complex and intense radiation field near the interaction points.
10 Radiation induced changes in flux pinning and in the intrinsic properties of five candidate wires for this project were assessed by means of sequential irradiation of short wire samples in the TRIGA Mark-II reactor at the Atominstitut. It was found that the functional dependence of the volume pinning force of these wires is strongly affected by fast neutron irradiation, whereas the upper critical field increases only slightly. In the present work these changes in the flux pinning behavior are analyzed using the Unified Scaling Law.
11 A model is presented, which describes the volume pinning force of irradiated wires based on their initial pinning properties and on a second mechanism stemming from radiation induced defects.
II. EXPERIMENTAL

A. Samples
Five types of state-of-the-art multifilamentary Nb 3 Sn wires were examined in this work. Two of them are RRP wires containing Ta and Ti additions, respectively, two are PIT wires with Ta additions, and one is a binary (without any additives) prototype internal tin (IT) strand. All five wire types contain tubular sub-elements embedded in a copper matrix. Table I lists the production process, the additive element, the number of subelements N , the inner and outer sub-element radii ρ i and ρ o , and the critical temperature of each wire. The subelement radii were obtained from scanning electron microscopy images using a procedure which counts pixels belonging to the A-15 region of the sub-elements, thus yielding effective radii even for non-circular sub-element cross sections (with the exception of the two PIT wires, the cross sections are hexagonal in shape). Straight wire pieces, a few centimeters in length, were heat treated at CERN after sealing in quartz glass tubes and then shipped to the Atominstitut. Roughly 4 mm long samples for magnetization measurements were cut from the wires with a low speed diamond saw. This method is preferable to using a wire cutter, which might introduce mechanical damage in the sub-elements near the cut faces. Somewhat longer samples (about 2 cm) for resistivity measurements were prepared with a wire cutter, since this measurement method is not sensitive to sub-element damage near the sample ends.
B. Neutron irradiation
The sequential irradiation of 4 mm long wire samples with fast neutrons was carried out in the central irradiation facility of the TRIGA Mark-II reactor at the Atominstitut. The fast neutron flux density Φ f at the sample position was approximately 4.5 · 10 16 m −2 s −1 (E > 0.1 MeV) at the time of this irradiation program. The samples were sealed in quartz glass tubes to prevent direct contact with the reactor water, and irradiated at ambient reactor temperature (approx. 70 ℃). Once a proper decay time had passed in order to reduce exposure to radioactivity, the measurements described in section II C were carried out. Repeating this procedure several times with the same samples allowed a detailed assessment of changes in J c and T c .
A small sample (roughly 5 mg mass) of a high purity Ni foil was included in each irradiation step for fluence monitoring. The 58 Ni(n, p) 58 Co reaction, whose threshold energy is roughly 1 MeV, was used to calculate the fast neutron fluence based on the activity of the radioactive isotope 58 Co which accumulates inside the monitor sample during irradiation. The maximum cumulative (including all irradiation steps) fast neutron fluence was 1.6 · 10 22 m −2 . Since some wire types were included in the irradiation program later than others, not all of them reached the same cumulative fluence.
The presence of Ta in the wire types RRP-54, PIT-192, and PIT-114 leads to the formation of the radioactive isotope 182 Ta, which has a half life of 115 days. Given the neutron spectrum of the reactor at the Atominstitut and the Ta content of these wires, a typical irradiation step of Φ f t = 2 · 10 21 m −2 leads to a 182 Ta activity per wire length of roughly 100 MBq/m shortly after irradiation. Therefore, magnetization measurements on short wire samples are preferable to transport current measurements in terms of radiation protection, since the latter require much longer pieces of wire.
C. SQUID magnetometry
A Quantum Design MPMS XL SQUID magnetometer was used to measure the magnetic moment of the 4 mm long wire samples at different temperatures ranging from 4.2 to 15 K. The samples were aligned with their axis perpendicular to the applied magnetic field. Magnetization loops were recorded with a step size of 0.2 T up to an applied field of 7 T, which is the maximum field the superconducting magnet inside the MPMS XL can generate. The irreversible magnetic moment m irr as a function of applied field B a was obtained from the magnetization loops using
where m inc and m dec denote the magnetic moment measured in increasing and in decreasing field, respectively. The critical current density J c as a function of magnetic field was then evaluated at each temperature as described in section III A. This method allows the evaluation of J c in field and temperature ranges not easily accessible in transport current measurements due to the very high critical currents. The same system was used to assess the critical temperature of the samples by means of AC susceptibility measurements, using a frequency of 30 Hz and an amplitude of 30 µT. The temperature at which the mid-point value of the superconducting to normal transition in the susceptibility curve occurs was taken as T c . In Table I the thus obtained critical temperature values before irradiation are listed for each examined wire type.
D. Resistivity measurements
A cryostat equipped with a 15 T superconducting magnet was used to perform resistivity measurements in order to obtain the upper critical field of the wires at various temperatures. An approximately 2 cm long unirradiated sample of each wire type was mounted perpendicular to the applied field inside the VTI (variable temperature insert) of the cryostat. A current of 100 mA was applied, and the voltage drop across the sample was measured using four-terminal sensing. By measuring the sample voltage at constant applied field B a while slowly changing the temperature inside the VTI, T c (B a ) was determined from the change in the voltage associated with the transition between superconducting and normal state. This procedure was repeated at different applied fields, thus allowing the assessment of the temperature dependence of the upper critical field at T > ∼ T c /2. Resistivity measurements were also carried out with three irradiated short samples of different wire types, which were normally used for SQUID magnetometry. Satisfactory results were obtained from these samples in spite of their small length (approx. 4 mm) which made it difficult to attach four contacts.
III. RESULTS AND DISCUSSION
A. Volume pinning force from magnetometry data
A J c evaluation model based on the Bean critical state model and on some geometric assumptions was used to obtain critical current densities from the magnetometry data. This model is described in a previous publication and was shown to yield results which are in satisfactory agreement with transport current measurements.
12 According to this model, J c is related to m irr by
where N is the number of sub-elements, L is the sample length, and the inner and outer sub-element radii are denoted by ρ i and ρ o , respectively. Note that the procedure for obtaining m irr described in section II C entails a first-order self-field correction, since the direction of the irreversible currents and thus the sign of the self-field changes when the applied field changes from increasing to decreasing field. An additional self-field correction was found to be unnecessary, since the associated changes in the field dependence of the critical current density would be insignificant. 13 Therefore, with the exception of very small applied fields, the equality J c (B) = J c (B a ) between the values of the critical current density at a certain field B inside the superconducting sub-elements and at a certain applied field B a can be assumed.
The evaluation of J c (B) at different temperatures based on magnetometry data was performed on several (between four and six) unirradiated samples of each wire type, and on all samples included in each irradiation step (usually only one of each type at any particular fluence value). Data points which were dubious due to incomplete field penetration or because of flux jumps were excluded. Average values were calculated from the results obtained from unirradiated samples in order to have a reliable reference for investigating changes introduced by fast neutron irradiation. Barring data points measured at field values close to or above B c2 , the standard deviations of the J c (B) values were less than 5% in all wire types.
The volume pinning force F p = | B × J c | can easily be obtained from the critical current density evaluated from magnetometry data, since the applied field and the irreversible currents are in good approximation perpendicular to each other, as it is also assumed by the J c evaluation model. The cross product thus simplifies to F p = J c B. Note that the functional dependence of the volume pinning force is not sensitive to potential corrections to the purely geometric proportionality factor between J c and m irr in Equation 2.
B. Pinning force scaling of unirradiated samples
Nb 3 Sn is among the superconductors for which a scaling behavior of the volume pinning force was observed, i.e. coalescence into a single curve of normalized pinning force data recorded at different temperatures and plotted as a function of reduced field. The unified scaling law (USL) is a powerful tool for the analysis of pinning force scaling, and is described in detail in a review article by Ekin.
11 In its separable form
it expresses the volume pinning force F p as a product of a constant C and three mutually independent functions g(ε), h(t), and f (b), which describe the dependence on strain, temperature, and magnetic field, respectively. The field dependence f (b), which is often referred to as the pinning force function, is cast in the form
within the framework of the USL. In Equation 4 p and q are the so-called low-and high-field exponents, and b is the reduced magnetic field, which is defined as
B * c2 (t, ε) is a temperature and strain dependent scaling field, which is in general close to but not necessarily identical to the upper critical field B c2 . Since the former is an effective depinning field which is commonly used as a fit parameter, it is determined by the functional dependence of the volume pinning force, whereas the latter marks the thermodynamic transition between superconducting and normal phase.
The function f (b) was computed for each wire type in its unirradiated state using the average J c (B, T ) values obtained from SQUID magnetometry. An algorithm specifically designed for this purpose normalizes the F p (B) data, and finds the optimum values of p and q by minimizing the global error including data obtained at different temperatures, using B * c2 (T ) as a fit parameter. The quality of the thus computed pinning force functions suffers if the magnetometry data do not cover a sufficiently wide range of reduced field values. Therefore, only data obtained at temperatures where 7 T (maximum field of the magnetometer) exceeds B c2 /2 were included. The resulting f (b) curves (normalized to a peak value of 1) as well as a comparison of the temperature dependences of B * c2 and B c2 are shown in Figure 1 for the RRP-54 wire, in Figure 2 for the PIT-192 wire, in Figure 3 for the RRP-108 wire, in Figure 4 for the IT-246 wire, and in Figure 5 for the PIT-114 wire. Table II lists the values of p and q as well as the value b max = p/(p + q) of the reduced field at which the function f (b) peaks, and the temperature ranges the scaling computations are based on. In the case of pure grain boundary pinning, which is generally assumed to be the primary pinning mechanism in Nb 3 Sn, the scaling exponents are expected to be p = 1 /2 and q = 2, corresponding to b max = 0.2.
14 It is noteworthy that the exponents obtained from the binary wire IT-246 are closest to the expected values, whereas the ternary wires exhibit significant deviations from these values.
Flükiger et al. attributed the deviations of the scaling exponents from p = 1 /2 and q = 2 in Bronze Route wires to the fact that the Nb 3 Sn in these wires is comprised of two grain types which differ significantly in geometry and Sn content (equiaxed and columnar grains). 15 It stands to reason that the p and q values in Table II can also be explained based on the grain morphology of the examined wires. The two PIT wires possess a dual grain morphology, which is reflected by a double-transition when T c is measured using the AC susceptibility method, whereas the responsible morphological features may be more subtle in the other wire types. Element concentration pro- files obtained from scanning transmission electron microscopy suggest that grains in ternary Nb 3 Sn wires form thicker boundaries, which may explain why the wires containing additives deviate more from the theoretical scaling exponents than the binary wire.
16
C. Effects of irradiation on pinning force scaling
When the pinning force data obtained from magnetization measurements on irradiated samples were analyzed using the above-mentioned algorithm, significant changes in the scaling exponents p and q relative to the unirradiated state were found, whereas the scaling field B * c2 was barely affected. A closer examination of the data revealed that the changes in p and q were the result of a shift of the peak in the pinning force function towards higher values of b. rithm was devised which assumes that the pinning force function can be modeled as the sum of two contributions with the relative weights α and β, where α + β = 1:
The exponents p 1 and q 1 were fixed to the values obtained from measurements on unirradiated samples (cf .  Table II) , and several combinations of p 2 and q 2 , which were calculated by Dew-Hughes for different pinning mechanisms, were tested. 14 The exponents p 2 = 1 and q 2 = 2, which correspond to pinning by core interaction between the flux lines and normal conducting point-like (small compared to the flux line spacing) structures, exhibited significantly better agreement with the data than any other set of values. The scaling field B * c2 (T ) was used as a fit parameter, and the relative strength β of the radiation induced pinning was found iteratively by computing the global deviation within the entire temperature range of interest (the same as listed in Table II ). The idea of using a two-component ansatz to describe the pinning force in irradiated superconductors was already published by Küpfer et al. as well as by Maier and Seibt, although not explicitly in the form used in Equation 6.
18,19
As an example, Figure 6 shows the thus calculated twomechanism f (b) function (including a normalizing factor) and the normalized pinning force data of the IT-246 wire after irradiation to a fast neutron fluence of 10 22 m −2 , as well as the pinning force function found in the unirradiated state for comparison. The peak position shifts to b max = 0.232, which equates to a 24% change relative to the unirradiated state, and the corresponding value of β is 0.449. In the extreme case of β = 1 (original pinning mechanism insignificant compared to the pointpinning contribution) the position of the peak would be at b max = 1 /3.
Pinning force data obtained from all five wire types after each irradiation step were analyzed using this two-mechanism algorithm. The resulting dependence of the point-pinning contribution β on fast neutron fluence is shown in Figure 7 . Although there is considerable scatter in the plot, a clear trend is discernible, which appears to be universal for all examined wire types: At low fluences β increases steeply, whereas it seems to exhibit a saturation behavior at high fluences. The function
was found to be in general agreement with the observed behavior, and is shown as a solid line in Figure 7 . The characteristic fast neutron fluence Φ f t * and the exponent n were fit to the data, yielding Φ f t * = 1.87 · 10 22 m −2 and n = 0.656.
At β ≈ 0.5, which occurs at a fast neutron fluence of roughly 10 22 m −2 , the contribution of the radiation induced pinning centers is approximately equal to the volume pinning force in the unirradiated state. This is consistent with calculations by Fähnle, who estimated the volume pinning force of such pinning centers in Nb 3 Sn at Φ f t = 10 22 m −2 , assuming that they are normal conducting regions with an average diameter of 10 nm. The result was that the pinning force exerted by the radiation induced defects is comparable to typical values of F p in Nb 3 Sn.
20 Figure 8 shows the relative change of the peak value of the volume pinning force of the PIT-192 and the IT-246 wire types as a function of fast neutron fluence. The plot contains SQUID magnetometry data recorded at T = 4.2 K, since in the temperature range the scaling analysis is based on the absolute value of the maximum pinning force F (max) p is influenced appreciably by the T c degradation. The latter amounts to approximately 3% within the examined fluence range, as previously published.
10
It is noteworthy that the volume pinning force in the PIT-192 wire increases by roughly 50% at Φ f t = 10 22 m −2 (the other alloyed wires exhibit a similar behavior), whereas the increase reaches only half of this value in the binary IT-246 wire, although the absolute values of F (max) p in the unirradiated state are similar. Figure 7 does not reflect this difference in the increase of the maximum volume pinning force at T = 4.2 K due to deviations from the described scaling behavior at low temperatures. 13 The cause of the difference is currently unknown. Perhaps, for yet unknown reasons, the radiation induced defects have a higher pinning efficiency in ternary Nb 3 Sn than in binary material. Such behavior might arise from differences in the migration of radiation induced defects during irradiation, which could be caused by the different grain boundary properties of binary and ternary Nb 3 Sn mentioned in section III B. The radiation induced pinning centers responsible for the increase of the volume pinning force are obviously stable at room temperature, and earlier studies suggest that this stability is maintained up to much higher temperatures. 
D. Effects of irradiation on the upper critical field
As discussed in section II D, resistivity measurements were performed on unirradiated samples in order to assess the temperature dependence of the upper critical field of the wires. This procedure was also carried out with three irradiated samples, which facilitated a comparison of the changes in B c2 with the insignificant increase in B * c2 found in the scaling computations. Figure 9 shows a comparison of data obtained from an unirradiated IT-246 sample and from a sample of the same wire after irradiation to a fast neutron fluence of 10 22 m −2 . The extrapolations to low temperatures were computed using the function
with C 1 = 0.153 and C 2 = 0.152, which was found by the authors to be a good approximation to the dirty limit 
The zero-temperature upper critical field B c2 (0) and the critical temperature T c were used as fit parameters to obtain the curves shown in Figure 9 . The fast neutron fluences the three irradiated samples were exposed to, their zero-temperature upper critical fields before and after irradiation, and the relative changes of the B c2 (0) values are given in Table III . The three wire types exhibit only a minor radiation induced increase of the upper critical field, in accordance with the results of the scaling computations. This behavior is to be expected in wires whose upper critical field was optimized by the addition of Ta or Ti, since their initial normal state resistivity ρ n is high, and cannot be increased significantly by the introduction of additional disorder.
2
In the case of the binary wire, however, the small B c2 increase was somewhat surprising. For the lack of additives, its ρ n value in the unirradiated state should be lower than that of the ternary wires, leaving a larger relative increase of the upper critical field to be expected. An explanation for this discrepancy may lie in the fact that the Nb 3 Sn in the IT-246 wire is fairly off-stoichiometric, as indicated by its relatively low T c of 17.17 K (the lowest value among the five examined wire types), which leads to both a low B c2 value and a high normal state resistivity.
IV. CONCLUSIONS
A pinning force scaling analysis on SQUID magnetometry data obtained from five state-of-the-art Nb 3 Sn wires revealed that their low-and high-field scaling exponents deviate significantly from the values expected for pure grain boundary pinning (p = 1 /2, q = 2). The scaling exponents of the binary wire are closest to these values, whereas the four alloyed wires exhibit larger deviations. Differences in grain boundary thickness and composition may offer an explanation for this behavior.
Fast neutron irradiation up to a fluence of 1.6 · 10 22 m −2 was shown to have a pronounced effect on both the magnitude and the functional dependence of the volume pinning force of the examined wires. The pinning force function of irradiated wires was found to be in good agreement with a two-component model which adds the contribution of a radiation induced pinning mechanism to the original pinning force function. This second mechanism was identified as pinning by core interaction between flux lines and normal conducting point-like structures. It was shown by means of sequential irradiation that the dependence of the point-pinning contribution on fast neutron fluence appears to be a universal function for all examined wire types. Resistivity measurements demonstrated that the upper critical field increases only slightly after irradiation, which is in agreement with the results of the scaling analysis.
